1. Introduction {#sec1}
===============

Iron-sulfur (\[Fe--S\]) clusters are inorganic compounds containing Fe^2+^ and sulfur (S^2−^). They are one of the most ancient types of prosthetic groups and are wide-spread in all prokaryotic and eukaryotic cells, executing diverse functions \[[@bib1], [@bib2], [@bib3], [@bib4]\].

Iron-sulfur clusters are the traces of biological evolution in the early anaerobic earth. Their biosynthesis and assembly system were not challenged by the environment until photosynthesis eventually changed the atmospheric environment into an oxic state \[[@bib5], [@bib6], [@bib7], [@bib8]\]. This event posed a crisis for \[Fe--S\] clusters: oxygen (O~2~) molecules are small and non-polar, and they can quickly penetrate into microorganisms and produce highly oxidative reactive oxygen species (ROS) such as superoxide (O~2~^−^) and hydrogen peroxide (H~2~O~2~) \[[@bib9], [@bib10], [@bib11]\]. These ROS can rapidly oxidize reduced iron atoms. Most \[Fe--S\] proteins wrap their clusters inside polypeptide, preventing ROS molecules from contacting the clusters and thereby shielding the clusters from damage. However, a small number of proteins employ clusters that are exposed to the external environment in order to bind substrates. This arrangement gives ROS the opportunity to oxidize them. Dehydratases that contain \[4Fe--4S\] clusters, such as fumarase, aconitase and isopropylmalate isomerase (IPMI), are such proteins \[[@bib12], [@bib13], [@bib14], [@bib15]\].

In most \[4Fe--4S\] dehydratases, three of the four iron atoms in the cluster are bound to the protein skeleton through the thiol groups of cysteines; one iron atom is solvent-exposed and coordinates the substrate as a Lewis acid \[[@bib6],[@bib12],[@bib16]\]. The three cysteine residues that bind the non-catalytic iron atoms form a specific structural motif "C-Xn-C-X~2~-C\" (C is cysteine; X is an arbitrary residue; n is a variable number), which is conserved in many \[4Fe--4S\] dehydratase sequences \[[@bib6],[@bib12]\]. Among the four iron atoms in these well-studied \[4Fe--4S\] clusters, only the solvent-exposed atom is the site of ROS oxidation. ROS oxidize the \[4Fe--4S\] cluster, the cluster degrades, releasing the catalytic iron atom, and the enzyme loses the activity \[[@bib9]\].

Different ROS molecules oxidize \[4Fe--4S\] clusters through different mechanisms. Univalent oxidation by O~2~^−^ converts the active \[4Fe--4S\]^2+^ cluster to an unstable \[4Fe--4S\] ^3+^ species, which then releases Fe^2+^. Like O~2~^−^, H~2~O~2~ also attacks the catalytic iron atom of the cluster \[[@bib9],[@bib17]\]. However, an important difference exists here. When H~2~O~2~ oxidizes iron atoms (the Fenton reaction), a ferryl radical (\[FeO\]^2+^) is initially formed \[[@bib17]\]; it can then decompose into a into a hydroxyl radical (HO•) too:

Both radicals are powerful oxidants. The highly reactive HO• has been more extensively studied; it reacts with amino acids at nearly diffusion-limited rates and can produce carbonylated sites on proteins \[[@bib17]\]. If such damage occurred within the active site when dehydratases \[4Fe--4S\] clusters are oxidized by H~2~O~2~, the resultant damage would be irreversible. But in fact these enzymes can be fully reactivated in vitro and in vivo after being oxidized by this oxidant, indicating that the \[FeO\]^2+^ that is produced does not oxidize the polypeptide and that aggressive HO• is not released \[[@bib9],[@bib12],[@bib18]\]. Further analysis indicated that the nascent \[FeO\]^2+^ pulls a second electron from the iron-sulfur cluster itself, preempting the release of a hydroxyl radical and thereby avoiding the oxidation of residues \[[@bib9],[@bib15],[@bib18],[@bib19]\].

*Bacteroides* species are Gram-negative obligate anaerobes. They are among the most prominent symbionts in the human gastrointestinal tract \[[@bib20], [@bib21], [@bib22]\]. In the genus, fumarase is a key \[4Fe--4S\] dehydratase dehydrating malate to fumarate and playing a critical role in its central succinate/propionate fermentation pathway \[[@bib23],[@bib24]\]. In this study, we found that the fumarase from *Bacteroides thetaiotaomicron* (*B. thetaiotaomicron*) VPI-5482 surprisingly cannot be fully reactivated after it is oxidized in vitro by elevated levels of H~2~O~2~. In contrast it can be repaired after oxidation by either O~2~^−^ or ferricyanide \[K~3~Fe(CN)~6~\]. Protein carbonylation assays showed that H~2~O~2~ treatment carbonylated the peptide chain, suggesting that a radical species (\[FeO\]^2+^ or HO•) is produced in the reaction and that species oxidizes the protein backbone. This is an unprecedented observation. Further tests showed that the conventional motif liganding \[4Fe--4S\] in dehydratases can protect peptide chains from carbonylation. This study may indicate that some bacteria evolved a modified form of \[4Fe--4S\] fumarase to enhance their resistance to oxidative environments.

2. Results {#sec2}
==========

2.1. Bt-Fum activity cannot be fully restored after in vitro treatment with excess H~2~O~2~ {#sec2.1}
-------------------------------------------------------------------------------------------

The model bacterium *E. coli* accumulates \~ 1 μM H~2~O~2~ in a mutant lacking catalases and peroxidases (denoted Hpx^−^) \[[@bib25]\]. This apt dose is enough to create substantial damage to select intracellular enzymes and to DNA, and it triggers the activation of OxyR regulon, the natural mechanism by which the cell senses threatening levels of H~2~O~2~. Therefore, in previous investigations micromolar H~2~O~2~ proved useful in studying mechanisms of enzyme damage in vitro, and higher doses were seldom used \[[@bib26],[@bib27]\].

In this study, when slightly higher concentrations of H~2~O~2~ (\>50 μM) were chosen to treat fumarase in vitro, Bt-Fum behaved surprisingly differently than the *E. coli* fumarase (Ec-Fum) ([Fig. 1](#fig1){ref-type="fig"}A and B). The activity of the oxidized Ec-Fum was fully restored by the addition of Fe^2+^ and dithiothreitol (DTT) in an anoxic reaction, which mirrored the results of previous investigations: the damaged \[Fe--S\] clusters of well-studied dehydratases can be fully repaired in vitro \[[@bib19],[@bib28],[@bib29]\]. In contrast, the activity of Bt-Fum was only partially regained (30%--55%). We considered that when oxidized dehydratases are incubated for extended time, the damaged clusters sometimes degrade beyond the \[3Fe--4S\]+state, forming \[2Fe--2S\] clusters or even iron-free apoprotein. Such enzymes can be repaired if the cluster is rebuilt using ferrous iron plus IscS protein and cysteine to provide the sulfur atoms necessary for cluster scaffolding \[[@bib19],[@bib30]\]. However, when cysteine and purified IscS protein were included in the reactivating reaction for oxidized Bt-Fum, they did not restore activity ([Fig. 1](#fig1){ref-type="fig"}B). This result persisted when a variety of IscS concentrations and reactivation times were employed ([Fig. S1](#appsec1){ref-type="sec"}). Control experiments confirmed that IscS is competent to assemble active clusters in un-oxidized Bt-Fum apoprotein ([Fig. S1](#appsec1){ref-type="sec"}); therefore, its failure to restore activity to the oxidized holoenzyme suggested that the enzyme had suffered an injury apart from cluster disintegration.Fig. 1**Bt-Fum is irreversibly damaged by H**~**2**~**O**~**2**~**but reversibly damaged by other oxidants.** (A) In vitro recovery after H~2~O~2~ (100 μM) damage of Ec-Fum or Bt-Fum. Crude extracts were anaerobically prepared from *E. coli* or *B. thetaiotaomicron* Hpx^−^ strains (LC106/SM135), and they were exposed to 100 μM H~2~O~2~ at room temperature for 5 min in an anaerobic chamber. Catalase (200 U/ml) was added to terminate H~2~O~2~ stress. Oxidized fumarase was then treated with Fe(NH~4~)~2~(SO~4~)~2~ and DTT and, where indicated, cysteine and purified *E. coli* IscS. (B--D) Damages on Bt-Fum from other oxidants: (B) K~3~Fe(CN)~6~ (100 μM), (C) O~2~^−^ damage created by xanthine/xanthine oxidase and (D) molecular O~2~ in air-saturated buffer, as described in Materials and methods.Fig. 1

Potent oxidants other than H~2~O~2~---such as K~3~Fe(CN)~6~, O~2~^−^ and molecular O~2~---were also used to treat Bt-Fum. The enzyme lost activity, as expected; interestingly, in contrast to the H~2~O~2~ case, subsequent treatment was able to fully reactivate the enzyme ([Fig. 1](#fig1){ref-type="fig"}B, C, D). This result is also observed when Ec-Fum is treated by non-H~2~O~2~ oxidants \[[@bib19],[@bib31],[@bib32]\].

Electron paramagnetic resonance (EPR) spectroscopy was performed to further check the status of the enzyme cluster after exposure to 30--100 μM H~2~O~2~. The ROS−damaged cluster of Ec-Fum(A) exhibited an EPR spectrum that is typical of the \[3Fe--4S\] ^+^form ([Fig. 2](#fig2){ref-type="fig"}), as reported before \[[@bib32]\]. Bt-Fum treated with 100 μM H~2~O~2~ generated a similar EPR signal ([Fig. 2](#fig2){ref-type="fig"}), indicating the oxidized cluster of Bt-Fum is in \[3Fe--4S\] ^+^state, at least in part.Fig. 2**After H**~**2**~**O**~**2**~**treatment the iron-sulfur cluster of purified Bt-fum shows the EPR signal of a \[3Fe--4S\]**^**+**^**cluster, indicating loss of one iron atom.** Purified Ec-Fum (5 μM) or Bt-Fum (5--8 μM) was inactivated by H~2~O~2~ in NaPi buffer (pH 7.2). Catalase was added after the treatment, and the reaction mixture was then frozen for EPR measurement.Fig. 2

In contrast to the *B. thetaiotaomicron* fumarase, the IPMI from the same organism could be fully repaired after treatment with 100 μM H~2~O~2~ ([Fig. S2](#appsec1){ref-type="sec"}). Thus, the irreversibility of damage is not a trait of all the *B. thetaiotaomicron* dehydratases. Further, when Bt-Fum was exposed to low intensity H~2~O~2~ treatment (1 μM for 20 min), it could be fully repaired ([Fig. S3](#appsec1){ref-type="sec"}).

2.2. H~2~O~2~−treated Bt-Fum cannot be completely reactivated in vivo {#sec2.2}
---------------------------------------------------------------------

To determine the potential relevance of this phenomenon, we examined the ability of cells to repair Bt-Fum after H~2~O~2~ exposure occurred in vivo. The Ec-Fum(A) and Bt-Fum were expressed in an *E. coli* strain (SJ54) that lack fumarases and H~2~O~2~−scavenging enzymes. Both enzymes lost activity when the bacteria were exposed to 100 μM H~2~O~2~. The H~2~O~2~ exposure was ended by the addition of catalase, and chloramphenicol was added to block the further protein synthesis. During the subsequent incubation period, the Ec-Fum(A) activity completely rebounded, but the Bt-Fum activity did not ([Fig. 3](#fig3){ref-type="fig"}). To exclude the possibility that the *E. coli* Fe--S cluster repair system doesn\'t work on Bt-Fum, the similar experiment was conducted with the analogous *B. thetaiotaomicron* strain (SM135). When these cells were exposed to 100 μM H~2~O~2~, Bt-Fum lost activity inside cells. Less than 30% of the initial activity was restored when the oxidative stress was quenched and the cells were incubated in the presence of chloramphenicol ([Fig. 3](#fig3){ref-type="fig"}). These results demonstrated that when Bt-Fum is damaged by this dose of H~2~O~2~, it cannot be fully repaired inside cells, consistent with the in vitro observations.Fig. 3**H**~**2**~**O**~**2**~**(100 μM) generates irreversible damage on Bt-Fum but not Ec-Fum inside living cells.***E. coli* SJ54 cells expressing Ec-Fum or Bt-Fum was grown anaerobically, and cells were then briefly exposed to 100 μM H~2~O~2~. Catalase was subsequently added to terminate the H~2~O~2~ stress. Cells were then incubated at 37 °C in the presence of 150 μg/ml chloramphenicol, and fumarase activities were sampled at time points. Data are the average of 3 independent experiments.Fig. 3

2.3. Why does excess H~2~O~2~ oxidation block the reactivation of Bt-Fum? {#sec2.3}
-------------------------------------------------------------------------

A potential explanation for the irreversible damage was that H~2~O~2~ might directly oxidize residues of the Bt-Fum protein. To test this possibility, Bt-Fum was overexpressed from a T7 promoter, which ensured that it was mostly in the apoprotein form, as cluster-assembly processes cannot keep up with the rate of protein synthesis. The protein was purified and further held in ice for one week in the presence of 0.5 mM EDTA, to ensure that any residual was disassembled, leaving all the protein in apo form. Assays confirmed the absence of activity. The apo-enzyme was then treated with H~2~O~2~. It was found that this treatment did not diminish our ability to activate the enzyme with IscS/cysteine and iron in vitro ([Fig. 4](#fig4){ref-type="fig"}). This result indicates that H~2~O~2~ cannot damage the peptide without the cluster, and it indirectly demonstrates that the irreversible damage observed with holoenzyme originates from the cluster, not the polypeptide.Fig. 4**H**~**2**~**O**~**2**~**does not irreversibly damage the cluster-free Bt-Fum.** Purified Bt-Fum in the apoprotein form was reactivated either before or after incubation with 100 μM H~2~O~2~ for 5 min. Catalase was added to terminate the H~2~O~2~ stress, and cluster assembly was performed using ferrous iron, DTT, IscS, and cysteine.Fig. 4

When H~2~O~2~ oxidizes the cluster of *E. coli* \[4Fe--4S\] fumarases, the polypeptide is spared damage as described above \[[@bib15],[@bib19]\]. However, our inability to reactivate H~2~O~2~-treated Bt-Fum---in contrast to enzyme oxidized by ferricyanide, O~2~^−^ and O~2~---suggested that this rule might not apply to this particular enzyme. Western blots were performed to test if there are carbonylations occurring on Bt-Fum. The results showed that during H~2~O~2~ (100 μM) treatment, carbonylated sites were generated on Bt-Fum but not on Ec-Fum(A) ([Fig. 5](#fig5){ref-type="fig"}A and B). This outcome suggests that when Bt-Fum was treated by high dose of H~2~O~2~, a radical species (either \[FeO\]^2+^ or HO• according to the Fenton reaction) covalently oxidized the polypeptide.Fig. 5**Bt-Fum but not Ec-Fum is carbonylated upon H**~**2**~**O**~**2**~**treatment.** In the anaerobic chamber, 40 nM of anaerobically purified Bt*-* or Ec-Fum was oxidized by 100 μM H~2~O~2~ for 5 min. Catalase was added to end the stress, protein carbonyl groups were derivatized with DNPH, and the adducts were visualized by Western blotting. (A) SDS-PAGE analysis of purified Bt-Fum and Western blotting of DNPH-derivatized Bt-Fum. The pre-stained protein ladder transferred to NC membrane is shown at the side of the film to mark the corresponding molecular size. (B) Western blot of H~2~O~2~-treated and DNPH−derivatized Bt-Fum and Ec-Fum. Only the former enzyme is carbonylated.Fig. 5

2.4. Substrates cannot protect Bt-Fum against H~2~O~2~ {#sec2.4}
------------------------------------------------------

The solvent−exposed \[4Fe--4S\] ^2+^ cluster of fumarase includes an under-coordinated iron atom that binds substrate. H~2~O~2~ molecules can penetrate into the active site of these enzymes, bind the critical iron atom, and oxidize the cluster to a redox state that is unstable. Both substrates (malate and fumarate) can protect Ec-Fum when they are added at saturating concentrations \[[@bib19],[@bib32]\]. Their protective doses correlate with the *K*~m~ of the enzyme, indicating that by binding the catalytic iron atom, the substrates block the binding of H~2~O~2~. However, contrary to the results with Ec-Fum, neither malate and fumarate conferred notable protection on H~2~O~2~−treated Bt-Fum ([Fig. 6](#fig6){ref-type="fig"} and [Fig. S4](#appsec1){ref-type="sec"}), even though the enzyme was fully saturated by high concentrations of substrates (up to 250 mM, which is 30-fold higher than the *K*~m~; [Table S1](#appsec1){ref-type="sec"}). This result indicated that when the catalytic iron is bound to substrate, H~2~O~2~ can still oxidize the cluster. Furthermore, H~2~O~2~ oxidation of malate-saturated Bt-Fum once again generated an enzyme that could only be partially reactivated ([Fig. 7](#fig7){ref-type="fig"}). Fenton reactions occur only by inner-sphere electron transfer and therefore require direct iron liganding of H~2~O~2~. We infer, then, that H~2~O~2~ attacks at least two sites on the \[4Fe--4S\] cluster---not only the substrate-binding iron atom, but also another iron atom which potentially has a vacant or weak ligand. Oxidation at this second site led to irreversible protein damage.Fig. 6**Substrate protects Ec-Fum but not Bt-Fum against H**~**2**~**O**~**2**~. Purified 10 nM Ec-Fum (Panel A) or Bt-Fum (Panel B) was exposed to 0--50 μM H~2~O~2~ at room temperature for 8 min. Reactions were performed in anaerobic glove box. Where indicated, 25 mM malate was included in the buffer. Catalase was added after the treatment and residual activity was measured. Measurements were done in duplicate and an average is presented.Fig. 6Fig. 7**Malate-saturated Bt-Fum can be damaged by ferricyanide or H**~**2**~**O**~**2**~**.** A saturating concentration of malate (25 mM) did not block damage to Bt-Fum by 100 μM K~3~Fe(CN)~6~ (gray striped bars) or 100 μM H~2~O~2~ (red striped bars); the ferricyanide damage was reversible, but the H~2~O~2~ damage was not. Without malate, 100 μM K~3~Fe(CN)~6~ (5 min) was followed by 100 μM H~2~O~2~ (black bars); after this treatment the enzyme could be fully reactivated. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 7

Ferricyanide (100 μM) can also inactivate Bt-Fum in the presence of saturating malate, and the treated fumarase can be fully recovered. If substrate was absent and the K~3~Fe(CN)~6~ treatment was followed by 100 μM H~2~O~2~, Bt-Fum could be completely reactivated---indicating that the irreversible inactivation involves H~2~O~2~ oxidation of the \[4Fe--4S\] cluster rather than of a \[3Fe--4S\] species.

Collectively these data suggest that the Bt-Fum cluster has two sites of potential H~2~O~2~ access and oxidation, one of which is blocked by substrate and one of which is not. If oxidation occurs at the substrate site, inactivation is reversible; if it occurs at the substrate-independent site, inactivation can be irreversible.

2.5. The C-terminus of Bt-Fum lacks the typical motif ligating its \[4Fe--4S\] cluster {#sec2.5}
--------------------------------------------------------------------------------------

We sought to identify the special feature of Bt-Fum that allows protein-damaging Fenton chemistry to occur, even in substrate-bound form. Surprisingly, we found that, unlike other dehydratases that use three conserved cysteines as ligands for the \[4Fe--4S\] cluster (**C**X~n~**C**X~2~**C** motif), the sequence of Bt-Fum includes only two cysteines in this motif: a key cysteine is absent at the C-terminus of the protein ([Fig. 8](#fig8){ref-type="fig"}A). The C-termini of 7 of 11 fumarases from different *Bacteroides* species lack the C-terminal CX~2~C motif ([Fig. 8](#fig8){ref-type="fig"}B). To check whether the CX~2~C motif is necessary to protect enzymes from irreversible damage, four *Bacteroides* fumarases were expressed in *E.coli* strain SJ54, which lacks both H~2~O~2~−scavenging ability and endogenous fumarase activity. *B. fragilis* and *B. vulgatus* fumarases have the typical **C**X~2~**C** motifs at their C-termini, and after treatment by 100 μM H~2~O~2~ their activity could be completely restored. In contrast, *B. ovatus* and *B. uniformis* fumarases lack the motif, and their H~2~O~2~−destroyed activities were only partially (30%--55%) restored ([Fig. 8](#fig8){ref-type="fig"}C).Fig. 8**The lack of a key cysteine at the C-terminus allows H**~**2**~**O**~**2**~**to irreversibly damage fumarases of *Bacteroides*.** (A) \[4Fe--4S\] dehydratases contain a conserved "CX~n~CX~2~C" motif that coordinates the cluster. (B) C-termini of fumarases from different *Bacteroides species* were aligned by ClustalW 2.0 \[[@bib56]\]. Conserved cysteines in the C-terminal "CX~2~C″ motif were marked in blue. Fumarases of four *Bacteroides species* marked by yellow circles were chosen to be expressed in the *E. coli* and tested for the reversibility of damage upon exposure to H~2~O~2~. (C) Crude extracts prepared from the SJ54 strain expressing different fumarases were exposed to 100 μM H~2~O~2~. Enzymes were then repaired by treatment with Fe^2+^/DTT and/or IscS/Cysteine. Bf-Fum: fumarase of *B. fragilis*; Bo, Bu or Bv-Fum: fumarases of *B. ovatus*, *B. uniformis,* or *B. vulgatus*. Bt-Fum*C*~Bf~: chimeric Bt-Fum with the C-terminus of *B. fragilis* fumarase. The fumarase activity of each sample is normalized to that of the untreated enzyme. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 8

To further test whether the absence of the C-terminal CX~2~C motif is responsible for the irreversible damage to Bt-Fum, we attempted to construct a chimeric protein containing the C-terminal CX~2~C motif of Ec-Fum. In a set of constructions C-terminus of Bt-Fum was replaced with that of Ec-Fum(A) (ranging from 4 to 10 residues). However, none of these constructions showed activity (data not shown), probably because the local structure at the C-terminus was disrupted due to incompatibilities of the two enzymes. Since *B. fragilis* is evolutionarily closer to *B. thetaiotaomicron*, the C-terminal 6 residues "GSCSNK" of *B. fragilis* fumarase were then used to replace the terminal AK residues of Bt-Fum. The ensuing chimeric fumarase (denoted Bt-FumC~Bf~) was active ([Fig. 8](#fig8){ref-type="fig"}C). Strikingly, it lost activity upon 100 μM H~2~O~2~ treatment (5 min), but full activity was regained when the cluster was repaired ([Fig. 8](#fig8){ref-type="fig"}C).

These results supported the hypothesis: the absence of the C-terminal CX~2~C motif makes the \[4Fe--4S\] cluster more labile in fumarases and prone to be damaged by high levels of H~2~O~2~, resulting in the production of strong radical species and subsequent polypeptide oxidation. We infer that the radical species causing irreversible damage may originate from oxidation of a second cluster iron atom that is ligated by nothing or by a non-cysteinyl residue ([Fig. 9](#fig9){ref-type="fig"}). Low doses of H~2~O~2~ did not generated irreversible damage ([Fig. S3](#appsec1){ref-type="sec"}), indicating that the second ROS-targeting iron might be weakly liganded, thus somewhat diminishing the rate of its reaction with H~2~O~2~.Fig. 9**Model of Bt-Fum oxidation by high dose of H**~**2**~**O**~**2**~**.** Substrate binds at the catalytic iron atom (blue violet). A second cluster iron atom (red) lacks a cysteine ligand and can still be oxidized by H~2~O~2~. This oxidation generates a hydroxyl-like radical species (XO•, X: Fe or H) that frequently oxidizes the polypeptide, precluding repair in vitro or in vivo. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 9

A phylogenetic tree constructed from a multiple sequence alignment of *Bacteroides* fumarase sequences shows a different pattern of relatedness with respect to the C-termini ([Fig. 10](#fig10){ref-type="fig"}). The fumarases without the C-terminal **C**X~2~**C** motifs, such as those from *B. thetaiotaomicron* and *B. ovatus*, form their own distinct clade, as do those fumarases with **C**X~2~**C** motifs, including those of *B. fragilis* and *B. salanitronis*. This result suggested that even though these bacteria all belong to *Bacteroides* sp., they evolved \[4Fe--4S\] fumarases with distinct coordination of their clusters.Fig. 10**Phylogenetic tree of fumarases amino acid sequences from *Bacteroides* species.** Sequences were aligned with the ClustalW 2.0 program \[[@bib56]\]. The tree was obtained with the Maximum Likelihood analysis. Bootstrapping analyses (1000 bootstrap replicates) have been tested on the Maximum Likelihood methods to examine the confidence of nodes. Fumarases with the C-terminal "CX~2~C″ motif are shown in red. The scale bar indicates 0.05 amino acid change expected per site. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 10

3. Discussion {#sec3}
=============

The consensus obtained from previous studies is that when H~2~O~2~ oxidizes iron-sulfur clusters, H~2~O~2~ picks up two consecutive electrons from the cluster, the \[FeO\]^2+^ does not covalently oxidize the peptide, and the reaction releases an innocuous hydroxide anion instead of HO•. Therefore, oxidative inactivation is reversible, and cells can rapidly recover from stress. In this study, it has been proved that, with higher doses of H~2~O~2~, the fumarases from anaerobic *Bacteroides* species suffer carbonylation of their polypeptide chains. These irreversible damages were not observed upon treatments with non-H~2~O~2~ oxidants, such as K~3~Fe(CN)~6~, O~2~^−^ and molecular O~2~. H~2~O~2~ cannot directly oxidize the polypeptide of apo-protein, indicating that the oxidation is catalyzed by the cluster. Thus, the radical species that is formed during the H~2~O~2~ oxidation attacks the fumarases of these strict anaerobes. It is unclear whether the damaging radical species is \[FeO\]^2+^ or HO•. In any case, it seems apparent that the ferryl radical formed in Bt-Fum fails to pull a second electron from the cluster itself. Bt-Fum lacks a key cysteine residue that the \[4Fe--4S\] cluster, and it seems likely that another residue has substituted for the missing cysteine ligand. If so, the redox potential of the cluster might vary from those with cysteine-only ligands. Iron-sulfur clusters with histidine ligands have a higher reduction potential than clusters ligated only by cysteines \[[@bib33]\]. Perhaps \[FeO\]^2+^ that is formed during the H~2~O~2~ oxidation of Bt-Fum is slow to pull another electron from the cluster, due to the increased potential. Alternatively, the ferryl-bound cluster may abstract an electron from the novel ligand, rather than from a cysteine ligand, generating a carbonyl moiety and eradicating any possibility of reforming the cluster.

Interestingly, analogous events occur when H~2~O~2~ oxidizes the ferrous iron atoms of mononuclear enzymes. If the iron binding site includes a cysteine ligand, the nascent hydroxyl-like radical immediately oxidizes it, forming cysteine sulfenic acid or a disulfide bond. The enzyme can subsequently be reactivated by reduction of the oxidized cysteine and re-binding of ferrous iron. However, if the iron atom lacks any cysteine ligand, the radical oxidizes the polypeptide and inactivation is irreversible \[[@bib31],[@bib34]\].

Under the conditions of our experiments, low doses of H~2~O~2~ predominantly left the enzyme in a reactivatable \[3Fe--4S\] form. This event circumvented second-site oxidation. However, it is worth noting that in vivo this species would be quickly repaired, allowing further cycles of oxidation---potentially until the majority of enzyme had suffered irreversible second-site damage. This possibility is sharpened by the fact that as a pathway bottleneck develops, the substrate of the vulnerable enzyme accumulates, thereby blocking oxidation of the catalytic iron atom and allowing irreversible oxidation of the secondary iron atom. Long-term experiments will be necessary to test this possibility.

Fumarase is conserved in organisms from bacteria to eukaryotes. They have been classified in two groups, depending upon whether they employ clusters for catalysis. Class I, exclusively found in bacteria, contain an ROS-sensitive catalytic \[4Fe--4S\] cluster. The class II fumarases, such as the *E. coli* FumC and eukaryotic fumarases, are iron-independent and therefore oxidant-resistant \[[@bib35],[@bib36]\]. Our data present the possibility that the protein became progressively resistant to oxidants over the course of evolution. The most abundant human intestinal anaerobes such as *B. thetaiotaomicron*, which may have evolved from the sediment-dwelling ancient microbes that arose in an anaerobic world during the early evolutionary process, utilize a single fumarase (class I) with an oxidatively labile \[4Fe--4S\] cluster as prosthetic group; the facultative anaerobe *E. coli*, which enjoys both anaerobic and aerobic lifestyles, expresses three fumarases, one of which is cluster-independent class II (Fum C). Because Fum C is resistant to ROS, it is induced when *E. coli* senses oxidative stress through its transcription factor SoxR. Strikingly, aerobic eukaryotes have fully abandoned the oxygen−unstable class I fumarases, exclusively using homologues of FumC \[[@bib36],[@bib37]\]. Since fumarase is a key enzyme involved in cellular central metabolism, the benefits organisms can receive through adopting oxygen-resistant fumarase are obvious.

As demonstrated in this study, bacteria have also made subtle structural modifications on the cluster-containing fumarases that affect their tolerance of H~2~O~2~ stress. Full coordination of the cluster by the conserved motif (**C**X~n~**C**X~2~**C)** evidently avoids covalent enzyme modification and thereby allows the enzyme to be repaired in H~2~O~2~−stressed cells. Repair processes occur within minutes, and so during H~2~O~2~ stress the steady-state activity of the enzyme---and thus its ability to sustain flux through the TCA cycle---depends upon the balance between damage and repair. Analysis of a phylogenetic tree constructed from a multiple sequence alignment of *Bacteroides* fumarases showed that these enzymes are distinctly clustered in separate branches; *B. fragilis* fumarase is a representative in one group and Bt-Fum is on behalf of another. *B. fragilis* and *B. thetaiotaomicron* belong to a very close and distinct phylum based on their 16S rRNA homology sequences. *B. fragilis* shares 21--36% DNA identity with *B. thetaiotaomicron* \[[@bib38]\]. Both organisms have been the subjects of studies of oxidative stress, which raises the prospect that insight may be derived by looking at their different tolerance to it.

These bacteria are both opportunistic pathogens, but *B. fragilis* is more likely to be isolated from intra-abdominal abscesses \[[@bib22],[@bib39]\]. It has been shown that its resistance to oxidative stress is important for establishment of intra-abdominal abscesses, as oxidative stress occurs immediately when *B. fragilis* translocates from the anaerobic intestine to the more oxygenated (6% O~2~) peritoneal cavity \[[@bib40],[@bib41]\]. Furthermore, more-severe oxidative stress resulting from the immune response requires that *B. fragilis* express its OxyR response to H~2~O~2~ during abscess formation \[[@bib39],[@bib42]\]. Indeed, other observations also suggest that *B. fragilis* has evolved to be more oxygen-resistant than is *B. thetaiotaomicron*. *B. fragilis* has been shown to exploit the presence of low levels of oxygen through its cytochrome bd-oxidase-dependent respiratory chain \[[@bib42]\]. It also features both oxygen-sensitive and oxygen-dependent ribonucleotide reductases, indicating that in its native lifestyle it sometimes replicates its DNA in oxygen-containing environments. In contrast, *B. thetaiotaomicron* only has the anaerobic-style oxygen-sensitive isozyme \[[@bib20],[@bib43]\]. In this context, it may be important that *B. fragilis* features a fumarase that is relatively H~2~O~2~-resistant, whereas the *B. thetaiotaomicron* enzyme is more vulnerable.

Obligate anaerobes such as *Bacteroides* are the most abundant members within human gut microbiota. In this environment oxygen levels fall rapidly between the oxic epithelial surface and the anoxic lumen \[[@bib44]\]. There is compelling circumstantial evidence that H~2~O~2~ may arise in this habitat. *Bacteroides* species have robust OxyR and PerR systems that have evolved to defend these bacteria against H~2~O~2~ \[[@bib45], [@bib46], [@bib47]\], and the co-resident *E. coli* feature a cytochrome c peroxidase that is induced when H~2~O~2~ is present but oxygen is absent \[[@bib48],[@bib49]\]. The source of the putative H~2~O~2~ is unclear, but it might plausibly be generated by chemical reactions at the oxic/anoxic interface, by lactic acid bacteria that live there, or by the host immune response during episodes of inflammation. The oxidative stress may become especially acute when the O~2~ availability in colon increases during antibiotic treatment or pathogen expansion \[[@bib50],[@bib51]\]. Since fumarase is essential for the core metabolism of *Bacteroides* species, its inactivation during periods of H~2~O~2~ stress might impair its growth and contribute to gut dysbiosis.

Moving forward, it will be of interest to determine how the cluster of Bt-Fum is coordinated. Although the \[4Fe--4S\] clusters are usually bound to the polypeptide by cysteinyl residues, other residues like histidine, glutamine and aspartic acid can also function as atypical ligands in rare cases. For example, in the nitric oxide sensor (NsrR) from *Streptomyces coelicolor,* Asp is the fourth ligand to the \[4Fe--4S\] cluster further coordinated by three invariant Cys residues; the \[NiFe\] hydrogenase from strict anaerobe *Desulfovibrio gigas* have a ligand from a histidinyl residue \[[@bib6],[@bib52],[@bib53]\]. Metabolites can also stabilize clusters, such as the thiolate donating ligand like glutathione \[[@bib33]\]. Our data imply that the site which is not liganded by cysteine in the cluster of Bt-Fum is either open or breathable, enabling H~2~O~2~ access to the cluster.

The idea that evolution has tinkered with fumarase to adjust its sensitivity to oxidants conforms with similar observations of other ROS-sensitive enzyme classes. Chloroplasts, which are sites of photosynthetic ROS formation, cofactor their IPMI enzymes with stable \[2Fe--2S\] clusters rather than the unstable \[4Fe--4S\] variety \[[@bib54]\]. The other primary target of H~2~O~2~ inside cells are mononuclear enzymes that employ a single divalent transition metal to catalyze non-redox reactions. In *E. coli* these enzymes routinely use ferrous iron as the catalytic metal---but they shift to manganese, which does not react with H~2~O~2~, when the OxyR system detects rising levels of H~2~O~2~ stress \[[@bib55]\]. In Mycobacteria, which reside in granulomas that are exposed to the oxidative bursts of neutrophils, ferrous iron is replaced by a ferric complex, and it is suspected that they are cofactored by manganese in H~2~O~2~-forming lactic acid bacteria \[[@bib55]\]. Other examples of enzymes that have evolved towards oxidant tolerance include hydrogenases and, to some extent, nitrogenases and glycyl-radical enzymes. In all the cases, most of the structural features of the ancestral, oxidant-sensitive enzymes have been retained; instead, regions near the vulnerable cofactors have been tweaked. Thus the contrast between the subfamilies of *Bacteroides* fumarases may been part of this broad pattern of retrofitting.

4. Materials and methods {#sec4}
========================

4.1. Chemicals {#sec4.1}
--------------

Brain heart infusion (BHI) broth, haemin, [l]{.smallcaps}-cysteine, [l]{.smallcaps}-cystine, fumaric acid, Fe(NH~4~)~2~(SO~4~)~2~, dithiothreitol, maltose, β-lactose, 2,2′-dipyridyl, citraconate, disodium [l]{.smallcaps}-malic acid, DL-trisodium isocitrate, xanthine and xanthine oxidase from bovine milk, catalase, *E. coli* iron-containing SOD, IPTG, imidazole, were bought from Sigma, [d]{.smallcaps}-glucose was obtained from Fisher Scientific, His Gravitrap, from GE Healthcare. Antibiotics (ampicillin and chloramphenicol) were all Sigma products.

4.2. Cell growth and media {#sec4.2}
--------------------------

Anaerobic cultures were grown at 37 °C in an anaerobic glove box (Coy Laboratory Products) containing 85% N~2~, 10% H~2~ and 5% CO~2~, BHIS medium for *B. thetaiotaomicron*, LB and minimal A media for *E. coli* were made as previous literatures. Media for anaerobic cultures were prepared by autoclaving and kept in anaerobic chamber to be degassed for at least 24 h before use. Strains and plasmids are listed in [Table S2](#appsec1){ref-type="sec"}.

4.3. Expression of fumarases in SJ54 strain {#sec4.3}
-------------------------------------------

To express Ec-Fum(A) in *E. coli* strain of *fumABC* and catalase/peroxidase mutants (SJ54), encoding genes were cloned behind the *lac* promoter of pWKS30 vector by *Hin*dIII/*Bam*HI. To express the fumarase of *B. fragilis*, *B. vulgatus, B. ovatus* and *B. uniformis,* the genomic DNA was extracted by genomic DNA extraction kit (Qiagen) from the *Bacteroides* cells grown in anaerobic BHIS media, PCR was conducted using respective primers, DNA was digested by *Sac*I/*Xba*I and inserted into the vector pCKR101. For the expressions, RBS of *E. coli gapA* was inserted upstream of the gene. Construction was confirmed by digestion. The plasmid was then anaerobically transformed into SJ54 competent cells prepared by CaCl~2~ method, transformants were screened on LB plates (100 μg/ml ampicillin). Sequences of primers for PCR are listed in [Table S3](#appsec1){ref-type="sec"}. To induce the expression in SJ54, minimal A media was used, 0.2% lactose was added as the inducer.

4.4. Enzyme assays {#sec4.4}
------------------

To measure the activity of cluster-containing enzymes in cell extracts, cells were harvested and resuspended in anaerobic buffers, cell extracts were prepared by sonication in an anaerobic chamber. Reactions were prepared anaerobically using sealable cuvettes, and then moved outside of the anaerobic chamber to monitor activities. The fumarase activity was determined in 50 mM sodium phosphate (pH 7.3) containing 50 mM of [l]{.smallcaps}-malate; production of fumarate was monitored at 250 nm. *K*~m~ values were measured with different concentrations of substrates as substrate; the value was calculated from a Lineweaver-Burk plot. IPMI activity was measured by monitoring the absorbance\'s decrease of citraconate at 235 nm in 100 mM Tris-Cl (pH 7.6). Protein concentrations were determined using the Coomassie protein assay reagent (Pierce) with BSA as the standard.

4.5. In vitro inactivation and repair of fumarase and IPMI {#sec4.5}
----------------------------------------------------------

For the in vitro inactivation of H~2~O~2~, 50 μM or 100 μM H~2~O~2~ was added to 100 μl NaPi buffer (pH 7.2) containing cell extracts or purified fumarase, reactions were kept at room temperature for specific time in anaerobic chamber; enzymes activities were measured in sealed cuvettes, as described above.

To use K~3~Fe(CN)~6~ to damage fumarase, in 100 μl anaerobic NaPi buffer (pH 7.2), 100 μM K~3~Fe(CN)~6~ was added to anaerobically prepared cell debris, reaction was kept in anaerobic chamber at room temperature for 10 min.

For the inactivation of O~2~^−^ on fumarase, xanthine and xanthine oxidase were quickly added to anaerobically prepared cell extracts to generate O~2~^−^ in the presence of O~2~ and inactivate fumarase at room temperature, in the reaction, O~2~^−^ was produced at a rate about 0.9 μM/min. Catalase (200 U/ml) was included in the assay to degrade the potentially produced H~2~O~2~. After 6 min, the loss of fumarase activity was monitored at 250 nm.

To inactivate fumarase by molecular O~2~, purified and reactivated Bt-Fum was exposed to air at room temperature, saturated concentration of O~2~ (\~210 μM) was introduced by pipetting the solution along the cuvette wall at intervals. Excess catalase and SOD (both were 500 U/ml) were always included in the assays, reaction was kept for 1 h, till fumarase activity was measured.

For repairing the fumarase damaged by K~3~Fe(CN)~6~, O~2~^−^, or molecular O~2~, the anaerobic reactivating system contained 1 mM Fe(NH~4~)~2~(SO~4~)~2~, 2.5 mM DTT, the reaction was anaerobically incubated for 35 min at room temperature; for reactivating H~2~O~2~−treated fumarase, 2.8 mM cysteine and 0.15 μM purified *E. coli* IscS protein were further supplemented into the above repairing system, reaction was anaerobically incubated for 1--2 h at room temperature.

4.6. In vivo repair of fumarase inactivated by H~2~O~2~ {#sec4.6}
-------------------------------------------------------

SJ54 cells expressing Ec-Fum or Bt-Fum was grown anaerobically, cells were incubated for 8 min with 100 μM exogenous H~2~O~2~, H~2~O~2~ can penetrate into cells. Catalase was subsequently added to terminate H~2~O~2~ stress. To block further protein synthesis, 150 μg/ml chloramphenicol was supplemented, cells were then kept at 37 °C, cell extracts were prepared over time and fumarase activity was measured.

4.7. EPR analysis {#sec4.7}
-----------------

Purified Ec-Fum(A) or Bt-Fum was repaired for the cluster assembly in the absence of O~2~, as described above, solutions were triply filtered by centrifugal tubes (Millipore), to get rid of extra Fe^2+^ and DTT, fumarase activity was measured to confirm the cluster has been successfully rebuilt, then the sample was incubated with H~2~O~2~ for specific time and activity was detected again to prove the inactivation. Samples were then transferred into an EPR tube and frozen in dry ice. EPR spectra of \[3Fe--4S\] clusters were measured at the following settings: microwave power, 1 mW; microwave frequency, 9.05 GHz; modulation amplitude, 8 G at 100 KHz; and time constant, 0.032.

4.8. Protein carbonylation {#sec4.8}
--------------------------

200 ml Bl21 (DE3) harboring the expression plasmid pET 16b-Bt-Fum or pET 16b-Ec-Fum (A) anaerobic culture was prepared to over express of Bt-Fum or Ec-Fum (A) by pET 16 vector, protein purification by NTA resins was performed. Same amount (40 nM) of reactivated protein was then oxidized by 100 μM H~2~O~2~ for 5 min, catalase was added to eliminate the stress, protein carbonyl groups were derivatized with DNPH. All purification and inactivation steps were conducted anaerobically at chamber temperature (27 °C), all buffers were anaerobic. The adducts after derivatization were moved out of the chamber and visualized by Western blotting.

4.9. Construction of chimeric fumarase {#sec4.9}
--------------------------------------

To construct Bt-Fum with C-terminal 6 residues "GSCSNK" of *B. fragilis* fumarase replacing its C-terminal 2 residues "AK", the open reading frames of *B. fragilis* fumarase-encoding gene was PCR amplified from *B. fragilis* by using the primers in [Table S3](#appsec1){ref-type="sec"}, the DNA sequence encoding 6 residues "GSCSNK" was added to the reverse primer upstream of the stop codon. The PCR product were digested with *Sac*I and *Xba*I and cloned into pCKR101 vector. The plasmid constructions were confirmed by restriction/sequencing analyses. The protein was expressed in glucose/0.4 mM IPTG media.

4.10. Phylogenetic analyses {#sec4.10}
---------------------------

Homologues of Bt-Fum in *Bacteroides* species were first retrieved at the NCBI database using the *TBLASTn* program, amino acid sequences were aligned using ClustalW 2.0 program \[[@bib56]\], Phylogenetic tree was calculated using MEGA 5 \[[@bib57]\] by the Maximum Likelihood method. The confidence limits were estimated by using 1000 bootstrapping replicates.
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